Angles of hindlimb joints in the extreme flexion and extension caused passively under anaesthesia were examined in 8 male and 8 female
Introduction
Biomechanical studies of primate positional behavior, as an attempt to find clue to the origin of human bipedalism, have lately witnessed a remarkable advance (e.g., TUTTLE et al., 1979; OKADA, 1983) . Kinematics concentrated on the joint motion is common as well as fundamental to these investigations.
A good knowledge of the joint mechanism is, accordingly, crucial to an understanding of the primate locomotor mechanics. Knowledge as such should cover, firstly, osteological analysis of the joint surface morphology, and, secondly, studies of joint mobility with joint structures remained intact. While osteological works on primate joints have been not infrequent (e.g., SZALEY & DECKER, 1974) , somatological studies seem to have been scarce, especially on the hindlimb joints. Recently, TURNQUIST (1983) and DE-ROUSSEAU et al. (1983) reported on in vivo measurements of passive joint mobility in monkeys. Using standard orthopaedic procedures for human subjects, these investigations were concerned with a comprehensive survey of the joint mobility in a large number of monkeys, and evaluated influences of external factors on the mobility. However, from the biomechanical viewpoints, mobility of each joint has yet to be determined with a more elaborate procedure of measurement.
We present here results of measuring the range of passive flexion-extension in hindlimb joints of anaesthetized Japanese macaques, under experimental conditions as carefully controlled as possible. Mutual dependence of the range between joints was also examined. Because the anaesthesia allowed limited time for experiment, abduction-adduction and axial rotation of the joints were omitted from the measurement.
Methods
Experimental subjects were 8 male and 8 female Japanese macaques (Macaca f uscata f uscata) which had been cared in individual cages at Primate Research Institute, Kyoto University.
All subjects were adult. Dimensional characteristics of the subjects are shown by sex in Table 1 . Prior to the experiment, each subject was anaesthetized with Ketalar* (ketamine in a solution equivalent to 50 mg/ml), and shaved over the pelvis and hindlimb on the right side. In Table 2 is shown for each subject the quantity of the ketamine hydrochloride intramuscularly injected. The subject was laid on the left side of the body, and thoracic and pelvic regions were firmly fixed with straps to a vertical board placed behind the back of the subject (Fig. 1) . Angles of the hip joint and knee joint were defined in terms of five osteological landmarks as shown in Fig. 2 , a complete flexion and extension, though hypothetical, being made as 0* and 180*, respectively.
An adhesive spot was stuck onto the skin over each of the landmarks.
Because the skin moved over the landmarks with changes in the limb position, the spot was replaced each time the limb position was rearranged.
The subject thus marked was 35 mmphotographed from 1.5 m above by using 50 mm standard lens (SMC PENTAX-M, F 1.4). With reference to the landmarks on the enlarged positive pictures, joint angles were measured to the nearest degree with a protractor.
The maximum optical distorsion was estimated less than 1%, and the standard error of angular measurement was estimated less than 0.2% of the mean. Because the supple foot made it difficult to set up a reference line and might lead to higher measurement errors, ankle joint Hip and knee joint angles were defined in terms of reference lines connecting landmarks as shown. Is: anterior superior iliac spine, It: midpoint of the ischial tuberosity, Tr: trochanterion, El: lateral epicondyle of the femur, M1: lateral malleolus.
Ankle joint mobility was assessed qualitatively. mobility was assessed qualitatively.
Passive joint mobilities within the sagittal plane were examined in the following situ-to the thigh just above the knee joint (Fig. 1) .
2) Maximum extension of the knee joint while the hip joint angle fixed, randomly, at 55*, 750, 90*, 105*, and 125*, with the ankle joint left free.
A 500g pull was applied at right angles to the lower leg just above the ankle (Fig. 1) .
3) Maximum plantar flexion and dorsiflexion of the ankle joint while the knee joint maximally flexed or extended. Flexions of the ankle joint were provided with manipulations by the experimenter.
Magnitude of the applied pull mentioned above was determined empirically so as to enable joint excursions to the extreme but not to injure joint structures.
Joint excursions other than flexion and extension in the sagittal plane were avoided as far as possible. Special cares were taken to keep the thoracic and pelvic fixation as stable as possible.
Results
A complete relaxation of the muscle is required for the measurement of passive joint excursions. Throughout the experiment, attensions were paid to the condition of the anaesthesia, and tonic or phasic muscle contractions of reflex nature were checked in the joint angle measurement. Nevertheless, an optimum condition for the measurement could not be obtained in a number of occasions. Thus, data were partly lacking in certain subjects. Table 3 shows for individual subjects the hip joint angle in maximum extension. The forces applied are not uniform among subjects because, as described above, the magnitude was adjusted for each subject within the limited time an anaesthesia allowed. It will be seen, however, that the angles distribute among subjects between 120* and 150*, without appreciable differences associated with the magnitude of the applied force ranging from 2kg to 3kg. The sex difference was statistically insignificant (Table 4) . Because the anterior thigh touched the abdomen at a hip joint angle of about 50*, hip joint mobility in the sagittal plane was approximately estimated as 90* in average. Table 5 shows the knee joint angle in maximum extension with the hip joint fixed at different positions. The observed values for individual subjects distributes between Table 4 . Between-sex comparison of the hip joint angles in maximum extension. (Fig. 3) . Correspondingly, the mean angle for all subjects tended to increase with the hip joint angle, though accompanying a considerable variance (Table 6 ). Knee joint angles in each subject at different hip joint angles being regarded as related samples, a Student's t test revealed that the knee joint angle in maximum extension was significantly smaller at a hip joint angle of 55* than at other hip positions, and significantly greater at a hip joint angle of 125* than at 75* or 55* (Table 7) . Because the heel touched the rear of the thigh at a knee joint angle of about 30*, knee joint mobility Table 6 . Between-sex comparison of the knee joint angles presented in Table 5 . 140* and 180*. Table 6 is a comparison, between male and female subjects, of the knee joint angles in Table 5. The sex  difference was statistically insignificant though mean angle was greater in the male at each hip joint angle.
In the majority of the subjects, the knee angle decreased with the hip joint flexed Table 6 between hip joint angles; significant differences are shown by an asterisk (p<0.05) or two asterisks (p<0.01) . in the sagittal plane was approximately estimated as 130* in average. Thus, the knee joint has a wider range of flexionextension than the hip joint.
While a complete plantar flexion and dorsiflexion of the ankle joint was allowed with the knee joint flexed, dorsiflexion of the ankle was seriously limited with the knee joint extended (Fig. 4) .
Discussion
TURNQUIST (1983) examined passive excursions of limb joints in the patas monkey (Erythrocebus patas) of different ages. Angle of flexion-extension in the hindlimb was defined almost similarly with our study. The knee joint angles in maximum extension, for more than 60 adult patas monkeys, were fairly comparable with those in our study. Angles of the hip joint extended maximally were somewhat greater in the patas monkeys than in our subjects, though difference of the reference lines for angular measurements may contribute to this discrepancy. DEROUSSEAU et al. (1983) measured ranges of passive joint excursion in the rhesus monkey (Macaca mulatta).
While the ranges of flexion-extension they reported for the knee joint are comparable with those in our result, hip joint of the rhesus monkey seems to have a fairly wider range of motion.
Such a difference, however, is supposedly related to a different determination of the range, in which a hip flexion is freely allowed beyond the contact of the thigh with the trunk. If such a free hip flexion is taken into account, macaque monkeys appear to match humans in the magnitude of flexion-extension range at the hip as well as at the knee (Amer. Acad. Orthop. Surg., 1965) . DEROUSSEAU et al. (1983) found, in addition, a significantly higher knee joint mobility (p<0.05) in females than in males. A trend to the contrary was observed in our result, though without statistical significance. This result may be related, at least in part, with the fact that the force arm of passive extension is somewhat longer in the male than in the female, because of the size difference between sexes.
Our study has demonstrated that knee extension is restricted to certain extent by hip flexion, and ankle dorsiflexion seriously impeded by knee extension.
These restrictions obviously suggest mechanical interferences by the double-jointed muscles, i. e. the hamstrings and gracilis muscle in the former case, and the gastrocnemius muscle in the latter case. Limitation of hip extension may also be related with stretching of the rectus femoris and tensor fasciae latae muscles.
Passive joint mobility as evaluated above will be compared here with joint excursions during walking.
Quadrupedal and bipedal walking of the Japanese macaque on flat surfaces was analyzed by OKADA (1985) . Flexion-extension of hindlimb joints were evaluated with 16-mm motion pictures. Definitions of the hip and knee joint angles were similar to ours except that the reference line for the hip was so arranged as to link the trochanterion and acromion. In quadrupedal walking, the hip joint angle varied, approximately, from 60* to 120*, and the knee joint angle from 95* to 150*. In bipedal walking, the hip joint angle varied from 100* to 130*, and the knee joint angle from 80* to 160*. Knee joint motions comparable with the above were observed by OKADA et al. (1978) and KIMURA et al. (1979) in quadrupedal walking of the Japanese macaque.
For bipedal walking of this species, hip and knee joint motions, also comparable with OKADA (1985) , were reported by ISHIDA et al. (1975) .
If the mobility of hindlimb joints are collated with their ambulatory excursions, the following situation may emerge. Quadrupedal walking; hip joint: extension is amply reserved while flexion approaches the limit, i, e. a contact between the thigh and trunk; knee joint: extension approximates the maximum while flexion is amply reserved.
Bipedal walking; hip joint: extension approaches the maximum, while flexion is amply reserved; knee joint: extension approximates the maximum, while flexion is amply reserved. The above situation may be summarized that knee joint excursions are similar whether the gait is quadrupedal or bipedal, whereas circumstances for the hip joint is inverse between quadrupedal and bipedal walking.
Influence of the double-jointed muscles may be appreciated in the knee joint extending at the final stage of swing phase in quadrupedal walking, when the hip joint is maximally flexed. Restriction of the ankle dorsiflexion, on the other hand, may somewhat facilitate the propulsion in the stance phase of walking.
Although measurements of joint angles in our experiment have been as accurately carried out as possible, it is hard to escape from errors due to inefficient pelvic fixation as well as spontaneous shift of animals from standard positions, that are inherent to experiments on living subjects. Use of fresh cadavers will reduce these difficulties, and, moreover, allow accurate measurements of abduction-adduction and axial rotation of extremities.
